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Fig. 3.

Fig. 2.

Test board configuration: (a) perspective view and (b) side view.

to employ a closed-form expression to estimate the maximum
likely emissions from typical PCB structures.
This paper is organized as follows. Section II demonstrates the
importance of voltage-driven radiation both experimentally and
numerically. A wire antenna model for voltage-driven radiation
is introduced in Section III. In Section IV, the model is applied
to two different geometries; a voltage on a signal trace and
a heatsink driven against a signal return plane. The radiated
emissions from simplified antenna models are compared with
the emissions from the full configurations.
II. IMPORTANCE OF VOLTAGE-DRIVEN RADIATION
A. Experimental Comparison of Radiated Fields
To compare the intensity of the radiated fields generated by
current- and voltage-driven sources, a simple test board was
built, and the radiated emissions were measured in a semianechoic chamber. The test board configuration is illustrated in
Fig. 2. The 10.2 × 17.8 cm PCB had a 1-mm-wide 10.2-cmlong trace at the center of the board. The board had one trace
and one solid return plane separated by 1.5 mm of dielectric material that had a relative permittivity of approximately 4.3. The
trace was driven by a 10-MHz clock oscillator that was located
on the bottom side of the solid plane and powered by batteries.
Both the clock oscillator and the batteries were covered with a
shielding box to prevent direct radiation.
The attached cables were 50 cm long and connected to each
side of the board as shown in Fig. 2. The output pin of the
oscillator was connected to one end of the trace, and the other
end of the trace was terminated with a 50-Ω resistor using an
SMA connector. Due to the trace inductance, which was about

Measured radiated emissions from test board.

43 nH [13], the differential-mode current IDM was not in phase
with the voltage VDM at high frequencies. However, the current
distribution along the trace was nearly uniform up to 300 MHz,
where the trace was electrically short. The board was placed on a
0.8-m tall wooden table that was rotated to detect the maximum
emissions. The receiving antenna was horizontally polarized
(i.e., in the plane of the board). The measured radiated field at a
distance of 3 m is shown in Fig. 3.
As expected at harmonic frequencies below 250 MHz, where
the board length is much shorter than the wavelength, the measured fields without attached cables are much weaker than
those with attached cables. When two cables are connected,
the current-driven mechanism drives the two cables against
each other and is the dominant source of radiated emissions.
The measurement shows that the radiated fields with two attached cables are highest over most of the frequency range up
to 250 MHz, except for the peak at 150 MHz. With one cable attached, removing the 50-Ω load from the circuit causes
most of the emission peaks (including the peak at 150 MHz)
to increase by several decibels, indicating that a voltage-driven
mechanism is responsible for this radiation. This result experimentally demonstrates that emissions due to voltage-driven,
common-mode currents can be just as important as emissions
due to current-driven, common-mode currents, even when the
only structure being driven at the signal voltage is a microstrip
trace.
B. Numerical Comparison of Radiated Fields
To further investigate the role of the two source mechanisms,
a numerical simulation was performed. The configuration modeled was similar to that of the experimental test board and is
illustrated in Fig. 4. This board is 10 × 4 cm and has a 5-cmlong trace at the center. The height and the width of the trace are
both 1 mm. An ideal 1-V source is connected to one end of the
trace. The other end is terminated with a 50-Ω resistor. 50-cm
cables were connected to each end of the board. The maximum
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Fig. 4.
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Field solver test board configuration

Fig. 6. Three different configurations to identify cable coupling mechanisms:
(a) loaded microstrip trace, (b) voltage-driven source, and (c) current-driven
source.

Fig. 5.

Calculated intensity of radiation from test board.

radiated field was calculated at a distance of 3 m from the center of the board. The board was located in free space without
a conducting floor. The horizontal electric field was calculated
0–3 m above the plane in 20-cm increments and around the
board in increments of 5 degrees. All full-wave simulations in
this article were performed using a moment-method field solver
called COMORAN [15].
The calculated maximum electric field strength is shown in
Fig. 5. The board with two attached cables exhibits resonances
at 139 and 233 MHz, indicating that one cable is being driven
relative to the other. This suggests that the current-driven source
mechanism is dominant. When only one cable is connected to
the board, there is a peak at 197 MHz. The magnitude of this peak
is comparable to those due to the current-driven mechanism, but
calculations based on a current-driven model do not predict a
peak this strong [24].
C. Identifying the Radiation Sources
The boards that were measured had a shielding box covering
the clock oscillator and batteries. There was no other metallic
structure against which the potential drop on the reference plane
could drive the cable. To verify that the radiation peak with one
cable is proportional to the signal voltage VDM , three configurations of the simulation test board are modeled as shown in

Fig. 6. By modifying the source and load resistances, the trace
voltage and current can be varied independently. The geometry
of the board is the same as that shown in Fig. 4.
The inductance of the trace is about 21 nH [25], and the corresponding reactance at 300 MHz is about 40 Ω. For the original
configuration shown in Fig. 6(a), the trace current ranges between 19 and 20 mA, and the trace voltage is about 1 V over
the frequency range of interest. Because the trace is electrically
short, the current and voltage distributions along the trace are relatively uniform. The configuration shown in Fig. 6(b) is open at
the load end. The trace capacitance is about 1.3 pF. Because the
reactance associated with the trace capacitance is much greater
than the 50-Ω source resistance, the trace voltage is about 1 V.
The current on the trace is about 2.4 mA at 300 MHz, which is
much smaller than that of the original configuration. The radiation due to the voltage-driven mechanism, therefore, should be
similar to that of the original configuration with far less currentdriven radiation. The current-driven configuration shown in Fig.
6(c) has a similar amount of current on the trace as the original
configuration. However, the trace voltage ranges between 0 and
0.8 V, depending on the frequency due to the trace inductance,
which is less than the original configuration. Thus, the radiation
due to the current-driven mechanism should be similar to that of
the original configuration, whereas the voltage-driven radiation
should be lower. The maximum radiated fields at a distance of
3.0 m from the board were calculated from 30 to 300 MHz.
The results plotted in Fig. 7 indicate that the emissions from
the original 50-Ω configuration can be divided into two components: a voltage-driven component and a current-driven component. The current-driven radiation peaks at 139 MHz (the
half-wave resonance of the board driving one cable relative
to another). The voltage-driven radiation peaks at 233 MHz
(the half-wave resonance of the board being driven relative to the cables). The radiation from the original configuration exhibits both resonances. There is a small peak at
139 MHz for the voltage-driven configuration due to the small
amount of current flowing through the trace. Because the trace
capacitance is about 1.3 pF [25], the differential-mode
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Fig. 7.
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Fig. 8.

Voltage-driven coupling to attached cable.

Fig. 9.

Equivalent wire antenna model for voltage-driven coupling.

Simulated emissions from test board with different configurations.

current is about 1.1 mA at that frequency. This is about
25 dB [≈ 20 log(20/1.1)] less than the current in the original configuration. Similarly, the current-driven configuration has a small peak at 233 MHz, where voltage-driven
peaks are dominant. This is caused by the trace inductance, which creates a voltage on the trace of about
0.59 V at 233 MHz. Note that the potential distribution on
the trace is not uniform in the current-driven configuration. The
trace potential at the source end is 0.59 V and nearly 0 V at the
load end. Thus, the average trace voltage is less than 0.59 V,
creating a more than 4.6 dB [≈ 20 log(1.0/0.59)] difference at
233 MHz.
Note that the radiation peaks due to both mechanisms are
comparable, even though there are no large metallic structures
on the board for the voltage-driven source mechanism to drive.
These results suggest that the radiation from voltage-driven
sources should not be neglected when estimating the radiated
emissions from PCBs with attached cables.
III. VOLTAGE-DRIVEN SOURCE MODEL
A. Simplified Antenna Model
The common-mode current on cables driven by a voltagedriven source is induced by the electric fields that couple to cables from traces or other structures. Fig. 8 illustrates the voltagedriven mechanism in its simplest form. Assuming the board is
electrically small, the electric fields coupled to the attached cable
can be represented by an effective mutual capacitance between
the trace and the cable Ct−c .
The signal voltage source VDM drives a differential-mode
current that flows out on the trace and back on the plane. However, the common-mode current flowing on the cable is primarily responsible for the radiated emissions. The conversion from
differential- to common-mode can be modeled by placing equivalent common-mode voltage sources at locations where there is
a change in the “balance” of the structure [21] and [22]. In this

case, the dominant effective common-mode source occurs at the
junction between the cable and the plane as illustrated in Fig. 9.
In general, the input impedance of a wire antenna heavily
depends on its location along the wire. The current distribution,
however, is approximately the same for any source position
electrically close to one end of the wire. This means that the
radiation from a wire antenna is independent of the source
location if we adjust the magnitude of the source to keep the
magnitude of the induced common-mode current the same.
If the length of the attached cable in Fig. 8 is much longer
than the board, the radiated emissions are dominated by the
common-mode current on the cable and the effect of the
common-mode current on the other parts of the antenna is
negligible. Thus, the radiation from the board can be calculated
by modeling the system as a wire antenna with an equivalent
common-mode voltage source. The magnitude of the source
must be adjusted so the induced common-mode current is the
same as that in the original configuration.
For the original configuration in Fig. 8, the induced charge on
the cable is given by Ct−c VDM , whereas that of the equivalent
wire antenna model in Fig. 9 is Cin VDM . Therefore, the magnitude of the common-mode voltage source can be expressed as
VCM =

Ct−c
VDM
Cin

(1)

where Ct−c is the effective mutual capacitance between the
trace and the attached cable, and Cin is the input capacitance of
the wire antenna model.
B. Input Capacitance of the Wire Antenna Model
Assuming the board is electrically small, the equivalent circuit model shown in Fig. 10 can be used to derive the input
capacitance of the antenna model. The input capacitance is the
parallel connection of the mutual capacitance between the board
and cable CM and the two self-capacitances of the cable and
board in series. Because the cable is much longer than the board,
the series connection of two self-capacitances is approximately
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Equivalent circuit for wire antenna model.

equal to the board’s self-capacitance Cboard
Cin = CM +

Cboard · Ccable
≈ CM + Cboard .
Cboard + Ccable

(2)

The mutual capacitance CM is associated with the electric
fields that originate from the board and directly couple to the
cable. The length and thickness of the cable determine the mutual capacitance and affect the magnitude of induced current
near the source. The directly coupled electric fields are concentrated near the edge of the board, and the geometry of the cable
has a strong impact on the capacitance for a short cable. For a
long cable, however, the total amount of induced charge on the
cable weakly depends on the mutual capacitance. If the cable
is thin and much longer than the board dimensions, the mutual
capacitance is much smaller than the board capacitance Cboard .
Thus, for typical board-cable geometries, the magnitude of the
induced current is limited by the board capacitance Cboard , not
by the mutual capacitance CM . This implies that the mutual
capacitance can be neglected for a long attached cable, and the
input capacitance of the antenna model can be approximated
by the self-capacitance of the board. The self-capacitance of a
rectangular plane is similar to that of a circular disc of the same
area, which is approximately 8εo r, where r is the radius of the
disc [14]. Therefore, the input capacitance of the wire antenna
model can be approximated as

Board Area
.
(3)
Cin ≈ Cboard ≈ 8εo
π
Full-wave simulations were used to check the accuracy of (3).
Assuming the dimensions of the system are electrically small,
the current induced on the attached cable at the source position
is determined by the input capacitance as Icable ≈ 2πf Cin VCM .
Therefore, the capacitance is given by


1  Icable 
(4)
Cin ≈
2πf  VCM 
where Icable is the magnitude of the induced current on the
cable at the source position, and VCM is the magnitude of the
voltage source that drives the system. A configuration similar
to the one in Fig. 9 was simulated. The board was 4 cm wide
and 10 cm long. The source amplitude was 1 V at 1 MHz. The
wavelength at 1 MHz is about 300 m, which is much greater than
the cable length and the dimensions of the board. The effects of
length and thickness of the cable were investigated. Fig. 11(a)
shows the currents induced on the cable when the length of the

Fig. 11. Distribution of current along cable at 1 MHz, where length of cable
is: (a) comparable to and (b) much longer than board dimensions.

cable is comparable to the board dimensions. In this case, the
magnitude of the current at the source position depends on both
the length and the thickness of the cable, which implies that a
significant portion of the current is determined by the mutual capacitance between the cable and the board. However, the results
for longer cables shown in Fig. 11(b) shows that the magnitude remains almost the same regardless of the cable length and
thickness, indicating that the effect of the mutual capacitance is
negligible.
If the cable is long enough, the current is limited by the
board capacitance because the cable capacitance is much
greater. Table I compares the effective self-capacitance of
the board estimated using the simple closed-form expression (3) to the antenna input capacitance derived from numerical simulations. The results show that the antenna input
capacitance is within 1.5 dB of the board self-capacitance
estimate for all configurations evaluated. These simulations
verify that the magnitude of the induced current on the
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TABLE I
COMPARISON OF BOARD SELF-CAPACITANCE C BOARD (3) AND INPUT
CAPACITANCE C IN BETWEEN BOARD AND 10-m-LONG CABLE (FROM
SIMULATION)

Fig. 13. Comparison of induced common-mode currents on attached cable.
Fig. 12. Effective capacitances of PCB with attached cable.

attached cable was determined primarily by the board
capacitance for the configurations evaluated. If the cable is
thin and much longer than the board dimensions, the input
capacitance of the antenna model is approximately equal to
the board capacitance.
C. Effective Mutual Capacitance Between the Trace
and Attached Cable
Because the amount of the common-mode current on an attached cable driven by the trace voltage VDM is directly proportional to the effective mutual capacitance between the trace and
the cable, this capacitance is a critical parameter for the voltagedriven mechanism. To better understand this capacitance, it is
helpful to refer to the model shown in Fig. 12. CDM is the mutual capacitance between the trace and the signal return plane.
This contributes to the differential-mode current that returns to
the source through the plane. The self-capacitances of each conductor representing the stray electric field lines that terminate at
infinity are also shown in the circuit. CMtc is the mutual capacitance representing electric field lines that directly link the trace
and cable.
As indicated in Fig. 1(b), the amount of common-mode current on the cable is determined by the effective mutual capacitance Ct−c between the trace and the attached cable. Fig. 12
illustrates that this effective mutual capacitance is the parallel combination of the mutual capacitance CMtc and the series
combination of the self-capacitances Ctrace and Ccable .
CMtc can be viewed as representing the lines of electric flux
that originate on the trace and terminate on the cable. Ctrace and
Ccable represent lines of electric flux that originate on the trace or
cable, respectively, and terminate at infinity. If the attached cable
is thin and the trace is located away from the edge, the mutual
capacitance CMtc is much smaller than the series combination
of Ctrace and Ccable . This is the case for most typical configurations, and the amount of common-mode current is determined
by the equivalent capacitance of the current path through Ctrace

and Ccable . Because the length of the cable is much greater than
the length of the trace in general, Ctrace << Ccable . Thus, the
common-mode current on the cable is limited primarily by the
trace capacitance and the effective mutual capacitance associated with the common-mode current path can be approximated
as
Ct−c ≈ Ctrace .

(5)

Using this approximation, the expressions for the amplitude
of the equivalent common-mode voltage source in (1) can be
rewritten as
Ctrace
VDM .
(6)
VCM ≈
Cboard
Ctrace can be determined using a static field solver or a closedform approximation, whereas Cboard is the board capacitance
provided in (3).
This equation and the simple model in Fig. 9 provide an
efficient way to estimate the radiation from the board. A threedimensional (3-D) full-wave simulation of a PCB usually requires a large amount of computational resources. However, the
model shown in Fig. 9 is relatively simple, taking far less time
and resources to simulate.
IV. VALIDATION OF THE ANTENNA MODEL
A. Comparison of Common-Mode Current
To validate the equivalent model described in the previous
section, the common-mode currents induced on cables attached
to a board were calculated using a full-wave simulator and
compared with wire antenna model estimates. The capacitances
for the wire antenna model were calculated using FastCap, a
3-D capacitance extraction program developed by the Research
Laboratory of Electronics at the Massachusetts Institute of
Technology and based on an accelerated boundary element
technique [16].
The test geometry was similar to one in Fig. 4, except that
the load end was open to minimize the current on the trace. The
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Test board configurations: (a) original board and (b) corresponding antenna model for voltage-driven mechanism.

board was 10 × 4 cm and had one 5-cm-long trace, which was
1 mm wide and positioned 1 mm above the center of the plane.
A 1-m-long cable was attached to the board, and the radius of
the cable was 0.5 mm. To calculate the radiated emissions from
the original configuration, a 1-V voltage source was connected
between the trace and the return plane. There was no dielectric
material between the trace and the return plane. The dielectric
has little effect on the value of Ctrace for typical PCB configurations [26].
The self-capacitance of the trace and the board were calculated using FastCap. They were 0.025 and 2.57 pF, respectively.
Applying these capacitance values to (6) suggests that a 1-V
signal amplitude generates a 9.7-mV common-mode voltage. A
full-wave solver was used to simulate the original configuration, including the board, cable, and trace. The same solver was
then used to simulate the wire antenna model in Fig. 9 with a
9.7-mV source. The calculated currents induced on the cable
near the board are shown in Fig. 13. The calculated commonmode current based on a simple lumped model
|ICM | ≈ 2πf Ctrace |VDM |

(7)

is also shown. The results agree well with each other at low
frequencies, where the dimensions of the board and the cable are
electrically small. The lumped element model starts to deviate
due to the cable resonance at about 40 MHz. However, the wire
antenna model results agree well with the original configuration
results over the entire frequency range.
B. Radiation Due to a Trace Voltage
According to the wire antenna model presented in the previous sections, the currents induced on the attached cable depend
on the trace capacitance, but not on the trace position. To verify this, boards were evaluated with different trace positions.
Fig. 14(a) shows a 4 × 10 cm test board with a 3-m-long cable
attached to the end. The 1-mm-wide trace is 5 cm long, which
is electrically short over the frequency range of the interest,
and is 1 mm above the plane. A 1-V source is connected to
the center of the trace, and no loads are connected to the trace.
Because there was only one attached cable and it was perpendicular to the trace, any differential-mode current (which should
be small because the end of the trace was open) creates a potential drop along the longitudinal direction of the board and

Fig. 15. Comparison of radiated field intensity from full configuration and
corresponding antenna model.

does not induce a significant amount of common-mode current
on the attached cable. As shown in Fig. 14(a), three different
positions of the trace were considered for the simulations. The
corresponding wire antenna model is illustrated in Fig. 14(b). In
the antenna model, the source is replaced by a common-mode
voltage source VCM , whose amplitude is given by (6). Using
FastCap, the board capacitance was found to be 2.67 pF for position 1 and 2.66 pF for positions 2 and 3. The self-capacitance of
the trace was 0.026 pF for position 1 and 0.03 pF for positions 2
and 3. Based on these values, the equivalent wire antenna model
should employ a common-mode voltage source of 9.7 mV for
position 1 and 11.3 mV for positions 2 and 3. For convenience,
the magnitude of the common-mode voltage source of the wire
antenna model was set to 10 mV for all positions. The radiated
field intensities at a distance of 10 m were calculated using a
full-wave solver and are shown in Fig. 15. The results show
that the radiated field strengths agree well at frequencies up to
300 MHz, indicating that the position of the trace was not a
significant factor.
C. Radiation Due to a Heatsink
Relatively small heatsinks, such as microchip heatsinks, have
resonant frequencies well above 1 GHz [17]–[20]. Thus, the
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Fig. 17. Comparison of simulated emissions from original configuration and
wire antenna model of heatsink on PCB.

length of the board becomes comparable to the wavelength, but
are within a few decibels up to 300 MHz.
V. CONCLUSION
Fig. 16. Illustration of test board: (a) original configuration and (b) corresponding antenna model.

radiation below 1 GHz is more likely to be dominated by the
resonances of the attached cables rather than the heatsinks. However, heatsinks can play a significant role in voltage-driven cable
radiation. If a board is electrically small and the self-capacitance
of the heatsink is smaller than that of the board, the previous
simplified model can be used to estimate the radiated emissions.
The self-capacitance of the heatsink can be calculated using 3-D
static field solvers or estimated using closed-form expressions.
A simple board was designed to validate the wire antenna
model for a PCB with a heatsink. The board configuration is
shown in Fig. 16. A 5 × 5 × 1 cm heatsink is located 1 cm above
the plane at the center of the board. A 1-V voltage source drives
the heatsink against the plane. A 1-m-long cable is attached
to the plane. The self-capacitance of the heatsink above the
plane without the attached cable was calculated using FastCap
and found to be 0.43 pF. The self-capacitance of the plane was
5.14 pF. Applying these values to (6), the equivalent commonmode source voltage was found to be 84 mV. The corresponding
simplified antenna model is shown in Fig. 16(b).
The maximum radiated fields from both the original configuration and the simplified model were calculated using a
full-wave simulation at frequencies up to 300 MHz. The results
are shown in Fig. 17. The maximum electric field strength was
calculated at a distance r = 3 m from the board with a 1-m attached cable and 10 m from the board with a 3-m attached cable.
In both cases, the radiated field from the original configuration
and the wire antenna model agree well at frequencies up to
180 MHz. The results start to deviate above 200 MHz as the

In this paper, an equivalent wire antenna model has been
developed to estimate the radiated emissions from PCBs with
attached cables when common-mode currents are induced on the
cables via a voltage-driven radiation mechanism. The magnitude
of the equivalent common-mode voltage source that drives the
antenna is expressed in terms of the ratio of the self-capacitances
of metallic structures on the board. These capacitances can
be calculated using a static field solver or approximated using closed-form expressions. It was shown that this technique
can be used to estimate radiated fields well beyond the first resonant frequencies of the attached cables as long as the board
dimensions are electrically small.
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